




























Aims: Authors report a novel approach for enhancing the oral absorption of paclitaxel by
encapsulation in poly(anhydride) nanoparticles containing cyclodextrins and poly(ethylene
glycol). Materials & Methods: Formulations were prepared by the solvent displacement
method.Subsequently,pharmacokineticsandorgandistributionassayswereevaluatedafter
oraladministrationtoC57BL/6Jmice.Additionally,antitumorefficacystudieswereperformed
in a subcutaneous tumor model of Lewis lung carcinoma. Results: Paclitaxel loaded
nanoparticlesdisplayedsizesbetween190Ͳ300nm.Oralnanoparticlesachieveddrugplasma




















Cremophor®ELhasbeenproven tobe responsible for the severehypersensitivity reactions
observed after administration [3, 4]. To minimize or avoid these reactions, patients are
pretreatedwithantihistaminesandcorticosteroids.Inaddition,thei.v.routepresentscertain



















promoting the absorption at intestinal level. In such a way, poly(anhydride) nanoparticles






bioavailability of PTX in rats and an increase in the residence time in the GI tract was
described.
So,themajorobjectiveofthisworkwastoassesstheantitumorefficacyoforallyadministered
PTXencapsulated inpoly(anhydride)nanoparticles combinedwith cyclodextrins and/orPEG
for the first time in C57BL/6Jmice. Firstly, pharmacokinetic and tissue distribution studies
weredevelopedandfinally,theantitumoractivityinLewislungcarcinoma(3LL)Ͳbearingmice





PTX (USP XXVI, grade>99.5%) and docetaxel (DCX) (grade>99.0%) were purchased from
21CECpharm(UK).Poly(methylvinyletherͲcoͲmaleicanhydride)(PMV/MA)orpoly(anhydride)
[Gantrez® AN 119;MW 200,000]was purchased from ISP/Ashland Inc (Spain). Taxol®was
provided by BristolͲMyersͲSquibb (USA). Phosphate buffered saline (PBS), glycine, ɴͲ
cyclodextrin (CD) and 2ͲhydroxylpropylͲɴͲcyclodextrin (HPCD) were obtained from Sigma
Aldrich (Germany) and disodium edetate (EDTA) and poly(ethylene glycol) 2000 (PEG2000)






glutamine, 10% Fetalclone® (Thermo Fisher Scientific, USA), streptomycin (100 µg/ml) and
penicillin(100U/ml)(Invitrogen,USA)andpassagedbytrypsinization.
For invivoassays,C57BL/6Jmice (20Ͳ22g)werepurchased fromHarlan (Spain)andkept in







of ethanol and added to8mlwater containing theoligosaccharide.After a72h agitation,
ethanolwasevaporatedunderreducedpressure(BüchiRͲ144,Switzerland)andtheresulting













PTXͲcyclodextrin complexes were dispersed and incubated under magnetic stirring for 30
minutes inacetone containing100mgof thepoly(anhydride)polymerpreviouslydissolved.
Nanoparticles were formed by the addition of an ethanol/water mixture (1:1, v/v). After
eliminationof theorganic solventsunder reducedpressure, the resulting suspensionswere
purifiedtwicebycentrifugation27,000xgfor20min.Supernatantswereremovedandpellets
resuspended inwater. Finally, the formulationswere frozen and lyophilized (Genesis 12EL,
Virtis,USA)usingsucrose(5%w/v)ascryoprotector.























The mean hydrodynamic diameter of the nanoparticles and the zeta potential were
determined by photon correlation spectroscopy (PCS) and electrophoretic laser Doppler
anemometry,respectively,usingaZetamasteranalyzersystem(MalvernInstrumentsLtd.,UK).
Thediameterofthenanoparticleswasdeterminedafterdispersion inultrapurewater (1:10)
and measured at 25°C by dynamic light scattering angle of 90°C. The zeta potential was







attached to an Evaporative Light Scattering Detector (ELSD) (Alltech, USA) [25, 26]. Each




The amount of PTX loaded in the nanoparticles was quantified by HPLCͲUV [14]. The
equipmentwasanAgilentmodel1100seriesLCandadiodeͲarraydetectorsetat228nm.The
chromatographic system was equipped with a reversedͲphase 150 mm x 3 mm C18
PhenomenexGemini column (particle size5µm).Themobilephase consistedofphosphate
















Blood volumewas recovered intraperitoneallywith an equal volume of normal saline preͲ















The pharmacokinetic analysiswas performed based on a nonͲcompartmentalmodel using
WinNonlin 5.2 software (Pharsight Corporation, USA). The following parameters were
estimated:areaunder thecurve (AUC),halfͲlifeof the terminalphase (t1/2),mean residence
time (MRT), peak plasma concentration (Cmax) and time to reach the peak plasma














isoflurane anesthesia and the followingorganswereharvested: liver, lung, spleen, kidneys,
ovaries, stomachand intestine. In thegroup receivingTaxol®,animalswere sacrificedat30













For the determination of PTX in the different tissues, a liquidͲliquid extraction method
followedbyreverseͲphaseHPLCanalysiswasperformed.Theextractionmethodwasadapted
fromAgüerosetal [14].Standardizedcalibrationcurveswereused foreachorgan.DCXwas
used as internal standard and the conversion of the PTX/DCX chromatographic areas to
concentrationwasperformed.Aliquots (200µl)of the tissuesweremixedwith25µlof the
DCXsolution(5µg/mlinethanol).Aftermixing,aliquidͲliquidextractionwasaccomplishedby






















approximately100mm3.On thatday (consideredday1of treatment),micewere randomly















inwhich theLcorresponded to the largestdiameterandW to theshortestdiameterof the
tumor,perpendiculartolength.
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in whichݐ௙ െ ݐ଴correspond to the difference between two measurements and  ௙ܸand ଴ܸ
indicatethetumorvolumesattwopointsofmeasurements.





angiogenesis marker. For this purpose, a commercial kit (Mouse VEGF Immunoassay
Quantikine® ELISA kit, R&D Systems, USA)was used. Blood sampleswere obtained at the
beginningofthestudy(basallevelsofVEGFinplasma)andevery2daysfrom3animalsineach
group randomly. Blood (300 µl) was extracted from mice and plasma was recovered by















Poly(anhydride) nanoparticles were successfully prepared by the solvent displacement
method. The main physicochemical characteristics of the different poly(anhydride)
nanoparticles loadedwith PTX are summarized in Table 1. In the first place, nanoparticles
containing the drugͲcyclodextrin complexes displayed bigger sizes (250Ͳ300nm) than the
nanoparticlesincludingPEG(190Ͳ200nm).ItisinterestingtonotethattheadditionofPEGto
the formulation containing PTXͲCD complexes, PTXͲCDͲNPͲPEG, decreased themean size of
theresultingnanoparticles.
Regardingthezetapotential, interestinglynanoparticlescontainingPEG (PTXͲCDͲNPͲPEGand
PTXͲNPͲPEG) presented a slightly more negative surface charge, around Ͳ55 mV. The




were estimated byHPLCͲELSD.On one hand, for cyclodextrin containing nanoparticles, the
amountofoligosaccharidedependedonthetypeofcyclodextrinused.Thus,HPCDshoweda
higher ability to associatewith the poly(anhydride) polymer than ɴͲcyclodextrin correlating
with the previous results by Agüeros et al [14]. The amount of cyclodextrin for the 2
formulations containing ɴͲCDwas similar (PTXͲCDͲNP andPTXͲCDͲNPͲPEG: 80Ͳ88µg/mgNP
approximately), lower thanPTXͲHPCDͲNP.On theotherhand,whenPEGwas added to the
formulation containing PTXͲCD complex, the amount of PEGwas decreased (42µg/mgNP)
comparedtothenanoparticleswithnocyclodextrinatall,PTXͲNPͲPEG(55µg/mgNP).
Focusing on the amount of PTX loaded in the nanoparticles, differences were obtained
between the formulations. For the nanoparticles formulated with HPCD, PTX content was





increase in the drug loading was observed, from 50 to 70 µg/mg NP, enhancing the





shown in figure 1. The i.v. plasma profile of Taxol® presented a nonlinear profile, with
detectableplasmalevelsofPTXuntil12hourspostͲadministration.
Figure2showstheplasmaconcentrationprofilesofPTXafterasingleoraldoseof25mg/kgto
mice when administered as commercial Taxol® or encapsulated in poly(anhydride)






was an initial rapid rise for the first 2 hours reaching the maximum concentration (Cmax)
followedbyslowdeclineprolongedforatleast24hoursforPTXͲHPCDͲNPandPTXͲCDͲNPand
upto72hoursforthePEGcontainingformulations(PTXͲNPͲPEGandPTXͲCDͲNPͲPEG).
Table 2 summarizes the main pharmacokinetic parameters estimated. Firstly, for the i.v.








wasobtained forpegylatednanoparticles (PTXͲNPͲPEG). Inaddition, thisAUCvalue forPTXͲ
NPͲPEGwas38%,48%and21.5%higher than forPTXͲHPCDͲNP,PTXͲCDͲNPandPTXͲCDͲNPͲ
PEG,respectively.However,inallcasesTmaxappearedtobesimilar(Tmax=1Ͳ1.5h).
Additionally, MRT of PTX encapsulated in nanoparticles was between 18 to 30 hours,
significantlyhigherthanthatobtainedforTaxol®(1.3h).Conversely,thevaluesoft1/2zforall
thenanoparticlesweresimilar(between14to18h).
Finally, theoralbioavailabilityofPTXdelivered innanoparticleswascalculated tobearound
55%and59%forPTXͲCDͲNPandPTXͲHPCDͲNP,and67%and81%forPTXͲCDͲNPͲPEGandPTXͲ










minutes), thehighestconcentrationofPTXwas found in liver (30µg /g tissue), followedby
kidney(25µg/gtissue),spleen(15µg/gtissue)and lung(10µg/gtissue).However,after24
hours,thedrugamountinthementionedorganswasremarkablydecreasedasexpected,and
a higher concentration was found in the intestine (PTX amount 24 hours postͲ














5.5Ͳfold higher than that of the commercial formulation, respectively. In contrast, slight
differences were observed amongst nanoparticles mainly in liver. In liver, pegylated
nanoparticles(PTXͲNPͲPEGandPTXͲCDͲNPͲPEG)displayedslightlyhigherdruglevelsthanPTXͲ
HPCDͲNPandPTXͲCDͲNP(1.5times).
Regarding the levels in lung,onlythePEGcontaining formulations (PTXͲCDͲNPͲPEGandPTXͲ
NPͲPEG) presented statistically significant differences compared to Taxol®. Furthermore, in
lung,forthesepegylatedformulations(PTXͲNPͲPEGandPTXͲCDͲNPͲPEG)theamountsofdrug
werealmost3timeshigherthanforPTXͲHPCDͲNPandPTXͲCDͲNP.Intheotherstudiedorgans









tumorsgrew rapidly,presentingonday10 thebiggestvolumesofall the treatmentgroups
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(volume> 1000 mm3). Yet, for the poly(anhydride) nanoparticle groups, tumors grew at a




with a more sustained growth and a final volume of 575 and 650 mm3, respectively. In










Regardinggrowthdelay,animals treatedwith i.v.Taxol®presentedadelayof7.5days (2.5
days higher than for the untreated animals). In contrast, the formulation of PTX in
nanoparticlesclearlyinhibitedthetumorgrowthachievingvaluesfrom9to11daysingrowth
delaywithnosubstantialdifferencesbetweentreatments.
Figure 6 shows the VEGF profiles throughout the study for the different groups. The
concentrationsofVEGFatthebeginningoftheexperimentwerethebasallevels(15pg/ml)in
mice. As observed in figure 6, in general, despite the administration of the different
treatments,therewasanincreaseintheVEGFplasmaconcentrationforallthegroups.Onthe
initialdaysoftreatment,levelsoftheangiogenesismarkerweremaintainedsimilar.However,
at theendof the studydifferenceswereobservedbetween treatments.Onday11, for the
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In thiswork,our aimwas to complete theseprevious studies in rat and gain insight in the
potentialuseofthesenanoparticlevehiclesasoraldeliverysystemsforPTX.Forthispurpose,
thepharmacokineticsofPTXaswellas itsorgandistributionandefficacy inananimaltumor
model (C57BL/6Jmice)wereevaluated. Inparallel, theeffectofpegylationofnanoparticles
containingPTXasinclusioncomplexwithCDontheirinvivopropertieswasalsoinvestigated.
Inthiswork,ouraimwastoevaluatetheoralbioavailability,organdistributionandantitumor




contentwas found tobedependenton theexcipientsused.Thus, thereweredifferences in
thedrugloadingaccordingtothecyclodextrinselected,aspreviouslystatedbyAgüerosetal.
[14]. On the other hand, when PEG was added to the formulation containing PTXͲCD
complexes,an increase inthedrug loadingwasevidencedenhancingthedrug loadingdueto
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thepresenceofPEG,which couldhelp solubilize thedrugand therefore,enhance thedrug
encapsulation.
Forthepharmacokineticstudy,asingledoseof25mg/kgwasselected.I.v.Taxol®presenteda
characteristic nonlinear pharmacokinetic profile, published previously, associated with the








to 72 hours for the formulations containing PEG, PTXͲCDͲNPͲPEG and PTXͲNPͲPEG. These
plasmalevelscouldbeconsideredpharmacologicallyactivesincetheywereabovetheclinical
therapeuticthresholdof0.01mM(equivalentto85ng/mlapproximately)[33].









drug loaded in thedifferentpoly(anhydride)nanoparticlesassessed thehighestamountsof
anticanceragent in liver,kidneys, intestine, lungandovaries,suchasmentioned forTaxol®.
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Previouspublished resultsonorgandistribution already stated thewidedistributionof the
anticancer drug, decreasingwith time [12, 32]. The presence of the drug in organs clearly
correlateswithasystemiceffectsincethedrug isfirstlyabsorbedattheGI levelandrapidly
distributed inplasma reaching thedifferent tissueswhere it finallywould act as anticancer




The antitumor efficacywas studied bymeasuring the tumor volume every two days after
implantation.Usingthismodel,thepoly(anhydride)nanoparticles loadedwithPTXandorally
administered were able to diminish tumor growth compared to i.v. Taxol® as previously
observed by Zabaleta et al. [36] Interestingly, the lowest tumor volumewas obtained for
pegylated nanoparticles, PTXͲNPͲPEG, administered every 3 days. On the other hand, the
effectontumorgrowthofPTXͲHPCDͲNPandPTXͲCDͲNPͲPEG(administereddaily)wassimilar.
TheseresultsappeartoindicatethatthepresenceofsustainedandnotveryhighlevelsofPTX
inplasma couldbeefficient to reduce tumormass in tumorbearingmice.Furthermore,no
signs of toxicity were observed in the nanoparticle receiving animals, indicative of the
biocompatibilityofthepoly(anhydride)nanoparticlesinthisstudy.
Inaddition,VEGFwasmeasuredasangiogenesis factor.Taking intoaccountthat tumorcells
produceVEGFandthatPTXinducestumorcelldeath,theantiangiogeniceffectoftreatments
wasevaluated.VEGFdidnotdiminish inbloodbuttherewasaslower increase,especially in




the absorption of the drug at the intestinal mucosa. In fact, the combination of the 2
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excipients,CDandPEG,apparently favored the interactionof thenanoparticleswith theGI
mucosaandpromoted theabsorptionofPTXonce releaseddisplayinghigherdrug levels in
plasmaandtissuesthanforthenanoparticlesformulatedwithCDalone.Herein,thepresence
ofPEGcouldpermitadeeperpenetrationofthedrugdeliverysystem in themucosa; there,
establishastronger interaction thanks to thehydrophilicnatureofPEGand finally,enhance
theabsorptionoftheencapsulateddrugatthesurfaceoftheenterocytes.SincePTXͲHPCDͲNP
andPTXͲCDͲNPformulationspresentedbiggersizesandnoPEGwasattached,thecapacityof
these carriers topenetrate in themucuswouldbemore limited remaining instead inmore






nanoparticles with cyclodextrins and PEG favored the encapsulation of  PTX as inclusion
complexwithCDincreasedtheloadingofthedrugenhancingtheabsorptionattheintestinal
surface.This is reflected inmaintainedplasma levelsof thedrugand theorgandistribution
achieved after theoral administrationofPTXencapsulated in thenanocarriers. In addition,
thesenanoparticleswereabletoslowdowntumorgrowthinamurinemodelusing3LLtumor
cell line. So, the combination of PEG and PTXͲCD complexes loaded in poly(anhydride)




The oral route is themost commonly accepted route of administration by patients in the




in the treatmentand there isnoneedofhospitalspecialrequirements.However,nowadays





wellasanyadvances in cancer treatmentwillentailgreatadvances froma clinicalpointof
viewaswellasfromaneconomicalperspective.
Amongst these delivery systems under investigation, the use of different polymeric
nanocarriershasbeenwidelystudiedandnumerousworkshavebeenpublished inthisarea.
The reduction of size and targeting possibilities these systems offer could be a major
breakthrough in therapy against cancer. In this context, polymeric nanoparticles andmany

















Ͳ The encapsulation of paclitaxel in poly(anhydride) nanoparticles did not affect the
distributionofthedruginthebody.





Ͳ Pegylated nanoparticles administered every 3 days presented smaller tumors
comparedtocyclodextrincontainingnanoparticlesadministereddaily.
x CombinationofɴͲcyclodextrinandPEG2000withpoly(anhydride)nanoparticles
Ͳ The association of ɴͲcyclodextrin and PEG2000 to poly(anhydride) nanoparticles
permittedanincreaseintheloadingofPTX.
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PTXͲHPCDͲNP 295±5 Ͳ45±3 70±5 0.13 Ͳ 98±3.5 149±3.1
PTXͲCDͲNP 255±7 Ͳ46±6 73±4 0.15 Ͳ 80±6.9 49±3.8
PTXͲCDͲNPͲPEG 220±6 Ͳ55±3 65±3 0.15 42±2.4 88±5.8 69±3.1
PTXͲNPͲPEG 193±3 Ͳ53±2 62±4 0.15 55±2.2 Ͳ 112±4.2
Data are expressed asmean ± S.D. (n=4). PDi: polydispersity index; PTXͲHPCDͲNP: PTX complexedwith 2ͲhydroxylͲ
propylͲɴͲcyclodextrinandloadedinpoly(anhydride)nanoparticles;PTXͲCDͲNP:PTXcomplexedwithɴͲcyclodextrinand
loaded in poly(anhydride) nanoparticles; PTXͲCDͲNPͲPEG: PTX complexed with ɴͲcyclodextrin and loaded in




















Taxol® i.v. 101.2±5.7 112.9±6.7 0.05 3.2±0.8 2.5±0.3 100
Taxol® p.o. 2.3±0.9 0.2±0.1 1 1.3±0.8 2.2±0.6 2.3
PTXͲHPCDͲNP p.o. 59.3±5.7 5.2±2.8 1.5 23±2.3 15.3±1.4 58.6
PTXͲCDͲNP p.o. 55.3±5.2 3.6±1.3 1.5 18±1.6 13.6±1.5 54.6
PTXͲCDͲNPͲPEG p.o. 67.4±3.8 5.1±2.9 1.5 31±2.8 17.1±1.6 66.6
PTXͲNPͲPEG p.o. 82.0±3.1 5.7±2.6 1.5 29±3.1 18.3±1.2 81.1
Dataexpressedasmean±S.D.(n=3).AUC:AreaundertheconcentrationͲtimecurve;Cmax:peakplasmaconcentration;
Tmax: time to reachpeakplasma concentration;MRT:mean residence time; t1/2z:halfͲlifeof the terminalphase, Fr:
relative oral bioavailability. PTXͲHPCDͲNP: PTX complexed with 2ͲhydroxylͲpropylͲɴͲcyclodextrin and loaded in
poly(anhydride) nanoparticles; PTXͲCDͲNP: PTX complexed with ɴͲcyclodextrin and loaded in poly(anhydride)
nanoparticles; PTXͲCDͲNPͲPEG: PTX complexed with ɴͲcyclodextrin and loaded in poly(anhydride)nanoparticles




















Values shownasmean±S.D. (n=8). i.v.: intravenousadministration.PTXͲHPCDͲNP:PTX complexedwith2ͲhydroxylͲ
propylͲɴͲcyclodextrinandloadedinpoly(anhydride)nanoparticles;PTXͲCDͲNP:PTXcomplexedwithɴͲcyclodextrinand
loaded in poly(anhydride) nanoparticles; PTXͲCDͲNPͲPEG: PTX complexed with ɴͲcyclodextrin and loaded in






Figure 1.PTXplasma concentrationͲtimeprofile after i.v. administrationof Taxol® (dose25




















Figure 5. Comparative tumor growth inhibition by i.v. Taxol® (dose 10mg/kg) or oral PTX





treatment groups: Taxol® and PTX loaded poly(anhydride) nanoparticles, i.v. and orally
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